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Abstract 

The Monte Carlo program MUSIM simulates production of muons 
in high energy hadronic and electromagnetic showers and their subse- 
quent transport through bulk matter. The energy range includes the 
SSC/LHC regime. The program is briefly described and some results 
are shown. 

1 Introduction 

While hadron shielding requirements increase roughly logarithmically with 
energy, the increase in muon shielding is closer to linear. This has con- 
siderable impact on siting criteria, etc., for LHC, ssc and any multi-TeV 
accelerators contemplated for the more distant future. Calculation of muon 
shielding also gets more complicated at higher energies. ‘Prompt’ ps, i.e., 
other than from r and K decay, play an increasingly important role. These 
come from a variety of sources including some from electromagnetic show- 
ers. Mechanisms and cross sections associated with these sources are not 
universally agreed upon but they can nonetheless contribute significantly to 
p flux or dose in a given problem. Whereas muons from a/K decay follow di- 
rectly from the particle production model used to simulate hadron cascades, 
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prompt p generators must be put expressly into the program. Multi-TeV 
p transport also gets more complicated. Sub-TeV mucms lose energy pre- 
dominantly by ionization which is subject to only minor fluctuations. For a 
typical muon produced in a cascade these fluctuations-governed by the 
Landau distribution-are negligible compared to the energy distribution 
at production. Above 5 1 TeV pair production and bremsstrahlung gain 
increasing importance as do the much larger fluctuations associated with 
these processes. The effects of this are illustrated in ref.[l] which presents 
some graphs of muon range distributions in the 0.01 to 20 TeV energy do- 
main. The spread in range grows with energy and at the higher energies 
becomes comparable to its average value. Dose distribution as a function 
of distance along the trajectory of a multi-TeV p is thus strongly affected 
by these fluctuations which should therefore be included in the simulation. 
This phenomenon also spoils the approximation, often used in deep penetra- 
tion problems, that only first generation muons need be considered. While 
muons from later generations certainly have lower average energy, they are 
also more numerous and it is not clear-after folding in the fluctuations-at 
what point they can be neglected. 

In the past muon shielding problems at Fermilab have been addressed 
using a special version of the Monte Carlo code CASIM.[Z] This version- 
referred to as CASIMU-consists of CASlM supplemented by p production via 
T/K decay plus a prompt component described by an empirical formula 
which gives the ratio of prompts to AS produced as a function of Feynman-x 

(2~ = P?-‘/P$%A~I Th us, in a CAS~~U Monte Carlo, every K produced 
is also a prompt p but weighted down as per ref.[3]. Predictions of this 
program agree reasonably well with a number of observations.[4] 

With the advent of a better understanding of prompt muons, an a6 initio 
attempt to calculate production from these sources seems worth undertak- 
ing primarily to offer more confident extrapolation to multi-TeV energies. 
This is the basic objective of the new code-called MusIM-described in 
this note. The prime requisite of the prompt p production models is that 
they compare reasonably well with data and remain physically reasonable 
when extrapolated to multi-TeV energies. A large measure of convenience 
also enters into this since these models must be translated into efficient 
Monte Carlo algorithms for use in MUSIM. Under the circumstances it may 
be tempting to use a somewhat broader brush and combine some of these 
sources, i.e., aim somewhere between cAsl!du-which lumps together all 
prompts-and MUSIM where each source is treated individually. This would 
simplify the program and might speed up execution some. But the present 
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approach makes MUSIM easier to update wit,h new data, predictions from 
event generators, etc. Also in some applications one may wish to replace 
certain production cross sections with estimated upper or lower limits-or 
simply identify each component of the dose-to gain a better understanding 
of the uncertainties associated with MUS~M results. 

It should be noted that MUSIM--as well as CASIM which is a part of 
it-does not simulate complete events but uses extensive weighting to esti- 
mate muon dose or flux avemged over a large number of incident particles. 
Thus MUSIM does not predict shower-to-shower fluctuations in the number 
of muons produced in any particular region of phase space-it predicts av- 
erages. This modus opemndi has great computational advantages whenever 
event-by-event fluctuations don’t matter. It should be recognized, however, 
that MUSIM does not merely do away with all fluctuations. There are types 
of fluctuations, e.g., those mentioned above associated with p energy loss, 
which influence even the averaged results and hence must be included. 

For most applications, the more energetic muons are also the more inter- 
esting. Therefore /JS generated in MINIM are biased towards higher energy, 
in roughly linear fashion. Such a bias aims in a general way at expediting a 
typical calculation but is obviously not optimal for each particular problem 
and may occasionally need modification to yield useful results in reasonable 
CPU times. Both the particles selected to participate in the hadron and elec- 
tromagnetic cascade [5] and the muons generated by them are chosen with 
such a bias. This bias may take the form of muon ‘splitting’ (see sec. 2.1). 

Below, sec. 2 specifies the assumptions regarding the various p sources. 
Sec. 3 contains a brief description of p transport. Sec. 4 presents a few MUSIM 

results including a limited comparison with CASIMU. Concluding remarks 
are in sec. 5. Refs.[G] include brief summaries of a preliminary version of 
MUSIM. 

2 Muon Sources 

In the context of this work, p production falls conveniently into three groups: 
(1) T/K decays, and prompt muons originating from (2) hadronic or (3) elec- 
tromagnetic showers. Part (2) may be subdivided into muons from meson 
decay and from the continuuum. There is nothing basic about this division, 
e.g., parts of (2) and (3) arise from decay of the same short lived particles. 
There are still large uncertainties at,tached to prompt p production, par- 
ticularly in the TeV regime were very little data exists. The Tevatron and 
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CERN colliders easily surpass ssc fixed target energies but data are sparse, 
limited to high pi, and do not include nuclear targets. However, results 
and experience derived from these machines tend to rule out that any big 
surprises are in store for SSC/LHC fixed target muon shielding. 

2.1 a/K Decay 

As mentioned in sec. 1, TJK decay muon production follows directly from 
the production model used to simulate hadron cascades.[li] In MUSIM below 
1 TeV this is the Hagedorn-Raft model.[S] Above 1 TeV simple empirical 
formulae,[9] based on existing collider data and theoretical predictions, are 
used. For multi-TeV colliding beams a simple model [I] is available for use in 
the code, also in the form of inclusive distributions. Alternatively, one may 
use one of various available Monte Carlo event generators [lo] for colliding 
beams and treat subsequent collisions and p transport via MUSIM. 

To generate an adequate sample of decay muons, every r produced is 
assumed to decay into one or more ps--appropriately weighted for decay 
probability and p-splitting. When a a/K decay muon is split, a number of 
identical copies are produced with equispaced azimuthal decay angles and 
then traced separately through the problem geometry. The number of copies 
is never less than unity and is determined from the ?F’S weight, energy, and 
direction. Because CASlM does not calculate KS explicitly, KS also serve as 
generators for K-decay ps: a CASIM produced a is assumed to be 90% P and 
10% K of equal momentum. Muons are generated using K-decay lifetime, 
branching ratios, and kinematics. Here also one or more K-decay muons are 
produced per x created in the calculation. 

Hyperons provide a decay muon source similar to r/K but, since both 
production cross sections and branching ratios into @s are much smaller than 
for r/K, they may be neglected. 

2.2 Prompt-Mesons 

Hadronically produced prompt muons in MUSING include those derived from 
decay of D, 7, and several types of vector mesons. The list is far from 
exhaustive. However, for those omitted either the production cross section 
(e.g., B, T) or branching ratio (some lighter resonances) are too small to 
warrant inclusion at the present level of sensitivity. See also the comment 
below in sec. 2.2.2 on separation of continuum and meson produced dimuons. 
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2.2.1 D Mesons 

At sufficiently high energies D mesons become a prolific source of prompt 
muons. Data for D production by protons on protons and nuclei are reported 
up to ,/X of about 60 GeV from CERN ISR data, though there is strong 
disagreement among different experiments in this energy regime.[ll] For ?r- 
there is a smaller sample of data available while very little data exist for r+. 
Theoretical predictions are strongly parameter dependent but by and large 
reproduce observation.[l2] 

Total Cross Section. The total cross section in pbarn for D production 
(all charge states, IF > 0) for NN and xN collisions (N stands for nucleon- 
p or n) is assumed to be 

0 =Z&-30 Ji< 50 

=5Oln,/-125 4250 (1) 

where & is in GeV and (J = 0 below ,,& = 15 GeV. This reproduces lower 
energy data reasonably well and agrees closely with a calculated result at 
fi of 630GeV.[13] Assuming the same values to hold for xN and NN 
agrees with most-but not all-observations. This assumption entails that 
crzF<~ = crzF>o for nN as well as NN. 

Differential Cross Section. For both N and r projectiles the form 

dm 

dp$ drF 
= k . (1 - IZ#. (e-“‘+ t b&e&) 

is assumed, with k fixed by normalization. A value of a = 1.2(Ge~/c)-~ 
is close to most measurements at low pi, low & The second exponential 
introduces a slow rise in average pr with fi which flattens out when (pr) 
approaches rn~ (by choice of parameter c). Such a rise is not clearly indi- 
cated by the data but appears more certain in J/q4 production although it 
is not uniquely quantified even there. Values of b = 0.001, c = 0.3 are in 
general agreement with J/I) data [14] and are also adopted for the Ds. For 
IF 2 0, n = 5.5 for NN and 12 = 3.5 for aN are consistent with most obser- 
vations though there is considerable disagreement among them. For IF 5 0, 
n = 5.5 is assumed in both cases. This means that du/dzp is discontinuous 
at 2~ = 0 for KN, which is tolerated for simplicity. No attempt is made to 
distinguish between D charge states in the differential cross section. 
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A Dependence. The A-dependence is, as is customary, parametrized by 
an A” factor. Here an overall factor, with a = 1, is adopted. This value of 
a is in accord with the more recent data and with the premise that Ds are 
produced in hard collisions. Jn more refined models a may depend on IF 
and pi. 

Decay. D mesons have zero spin and decay isotropically with a muon 
energy spectrum following the usual beta decay phase space. The branching 
ratio to ‘p+anything’ averaged over Do and D* is assumed to be 13.5%.[15] 
There exist a number of such branches with K(nrr)pv, n = 0, 1, . . ., being 
the most prominent and with K occasionally replaced by K’ with rrz~. = 
692 MeV. Specific branching ratios are known only with large error bars. For 
simplicity, D decays are assumed to be equally distributed between Kp and 
K*pU. 

2.2.2 Vector Mesons and rj 

Vector mesons, and the (J=O) q,q/ mesons, are produced in greater abun- 
dance than Ds in hadronic collisions but their decays generate far fewer 
muons. The p+p- decay branch of p + w and of J/Q appear as prominent 
peaks above a background from which they are readily separated. Others 
contribute significantly but are less clearly resolved. In MUSIM 4 --t p+p-, 
~(71) --t ptp-7, and w + &p-?r’ are included. Data on production of 
these mesons is rather sparse particularly if one is interested in the com- 
plete phase space or even just the part where production is largest. For the 
lighter species, branching ratios into muons (of order 10m4) have fairly large 
errors attached. 

Since each decay here involves two muons, care must be taken in separat- 
ing this component from the dimuon continuum to avoid double counting. 
The continuum description in MUSIM (see below) is largely empirical and 
consists of what remains after the other sources are removed. A dimuon 
source not explicitly included is thus not outright neglected but becomes 
part of the continuum, though an error is incurred to the extent that angu- 
lar distributions, energy scaling, etc., differ between these sources and the 
continuum.[l6] 

In production and decay kinematics, avemge values are used for the 
meson masses since widths are typically small compared to the average. 
The p is somewhat of an exception to this though neglecting its width is 
unlikely to seriously affect MUSIM results. 
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Total Cross Section. In the high energy limit total cross sections for 
these sources are assumed to be proportional to the average total (charged) 
multiplicity, specifically as parametrized by Thorn& et a1.[17] 

(n,,,) = 0.88 + 0.44Ins + O.l18(lns)’ (3) 

with s expressed in GeVZ. For both NN and TN the proportionality con- 
stants IE~ (= u;/(~~J,)), listed in Table I in units of mbarn, are adopted from 
an informal survey of available data with most weight attached to high en- 
ergy experiments which are sensitive to low p~.[l&l] The 7) and ~1 are assumed 
to be produced in equal amounts [19] as are p and w. Eq.(3) is multiplied 
by an approach-to-scaling factor 

f., = (1 - @L/43’ (4) 

where fi = 2.5 GeV and q = l/Z for the lighter mesons while fi = 5 GeV 
and 4~ = 12.0, Q,, = 7.3 for J/$.[14] Eq.(3) along with the entries of Table I 
refer to production for IF > 0. For incident ?r the backward hemisphere is 
parametrized the same as IF > 0 for incident N. 

Table I Meson Production Parameters 

Differential Cross Section. For J/$ eq.(2) is used, with n according to 
Table I. For the lighter species 

do 
dp$d+F = 

with rn~ the meson mass in GeV and the ns from Table I. The ns and ns 
of Table I derive from fits reported in the literature along with some made 
expressly for this study.[20] The second term of the pr factor is not very well 
quantified although omitting it would certainly underestimate production at 
large pi. For each case, k normalizes eq.(5) to the total cross section. 
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A Dependence. As with D production, the total cross section is multi- 
plied by A”. In MUSIM a = 2/3 is assumed for 7, p, w, and 4 while a = 1 
for .7/$.[21] Though somewhat less certain, a nuclear target dependence 
appears to be present also in the dijhential cross section with a increas- 
ing with m and decreasing with IF. This is not included in the MUSIM 

parametrization. 

Decay. The p branching ratios are averages taken from ref.[l5] and are 
listed in Table II. For 7 and qf only pw is assumed present. Other branches 
leading to muons are much smaller. For w both jq~ and @pro are included. 
For J/I,& the relatively large branch into @s compensates somewhat for the 
much smaller production cross section. 

Table II Meson Branching Ratios into /J 

Since TJ has zero spin the angular distribution for q + pp is isotropic. 
For the spin-one vector mesons this holds to good approximation.[22, 231 
Three body decays are treated in two stages. First the resonance decays- 
isotropically-into a y, or #, and a muon pair with invariant mass distribu- 
tion from theoretical predictions [24] with experimentally determined form 
factors.[25] The latter then decays--also isotropically-into two muons. For 
convenience, the pb mass is chosen from empirical formulae which approxi- 
mate those from refs.[24]. 

2.3 Prompt-Continuum 

The continuum refers to dimuons which are not decay products of a particle 
or resonance. For pp with large invariant mass the dominant continuum 
component is the DreU-Yan process. But it appears that for pairs emit- 
ted with low invariant mass neither Drell-Yan nor resonance decay can ac- 
count for what is observed experimentaUy-although there are claims to 
the contrary.[26] A plausible mechanism to produce these muons is soft 



annihilation[27], i.e., qtj + bp where q and q are produced in the collision 
as opposed to being brought in by the incident particles as in Drell-Ym. 
There are other theories [ZS] and other ways of calculating the excess low 
mass muon pairs which are based more or less on the same idea.[29] 

2.3.1 Low Mass Continuum 

It is assumed here that the low mass continuum is ent,irely due to soft anni- 
hilation, although it is possible that more than one mechanism contributes 
significantly. As mentioned in sec. 2.2.2, the low mass continuum in MUSIM 
includes what remains after subtracting out the other MUSIM sources. This 
procedure relies mainly on the Chicago-Princeton data.[22, 231 In principle, 
at least, for that energy regime (150-225 GeV) and target mass (A=9 and 
12) everything should thus be accounted for. But even if the soft annihilation 
picture is the correct one, the scaling procedures adopted here cannot claim 
to be very well supported. Data are rather sparse and sometimes contra- 
dictory. Serious calculation of this effect requires detailed understanding of 
the spacetime development of hadronic collisions and-questions of validity 
aside--most models for this tend to be rather complicated.[30] 

Total Cross Section. For fixed incident energy the soft annihilation 
model predicts a faster than linear increase of dilepton production with 
multiplicity on an event-by-event basis. At fi = 63 GeV, ref.[31] presents 

R = -0.20 $ O.O69n,h + 0.0044& (‘3) 

as a fit to more detailed calculation, where R = lO%,+l- /Uh& averaged over 
all events with the same charged particle multiplicity, n,h. Such an effect 
is observed-though not quantitatively verified-in e+e- production at the 
1s~.[32] Here it is assumed that, averaged OWT all events, pfpm production 
varies with average multiplicity in a manner similar to eq.(6) 

CT,,+~- = 0.5 ((M) t O.O6(n,#) (7) 

where o,,+~- is expressed in pbbarn. In effect, eq.(7) describes the energy 
dependence of the total cross section. It is assumed to hold for both NN 
and ?rN collisions, with (a&) again according to eq.(3). The mass spectrum 
of the continuum is described by 

P(M) = kM-’ (1 - 4m;/M2)1’2e-3M (8) 
based mostly on refs.[22, 231 with k providing normalization. 
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Differential Cross Section. Parametrization of the differential cross sec- 
tion also relies on the Chicago-Princeton data: 

d% 
dlFdpz = k (1 - ZF)‘. (,-am: + 0.04e-1’6m$) 

T 

where for incident nucleons c = 8.0 when A4 5 0.45GeV and e = 5.0 
for larger masses. Corresponding values for incident pions are c = 5.0 and 
c = 3.0, while k ensures normalization so that eq.(9) integrates out to eq.(7). 

A Dependence. Dependence on target nucleus enters again as an A” 
factor which multiplies the total cross section, with up = 0.68 and a, = 0.80 
taken from experiment.[33, 341 No strong dependence of a on zF is seen. 

Angular Distribution. In the pj~ restframe the angular distribution of 
the ps is assumed to be isotropic. At most small deviations from this are 
observed.[ZZ, 23, 351 

2.5.2 Drell-Yen 

In contrast to the low mass region, Drell-Yan [36] p production is reasonably 
well understood. Much of what is needed here is summarized in reviews of 
the subject.[34, 37, 361 For A$,, <- 3 - 4 GeV, Drell-Yan production falls 
well below other sources and emphasis is therefore on the high mass re- 
gion. A more accurate prescription than what follows is possible in terms 
of structure functions of the collision partners. However, in a typical prob- 
lem Drell-Yan contributes very little and hence does not warrant the extra 
complication. 

Total Cross Section. Simple Drell-Yan scaling predicts that for a given 
projectile and target M3du/dM depends only on the scaling variable T = 
M’/s. For large M, this is more or less observed experimentally. The cross 
section depends strongly on target and projectile species according to which 
types of valence quarks are brought into play. An exponential form of the 
scaling function is assumed: 

M3du/dM = k (e+J; + KBofi) (10) 
where kN = k, = 40nb. GeVZ per nucleon (ZF > 0), while BN = 13, 
B *+ = 9.5, and B,- = Bo = 8. In the second term C, = 0, C,+ = 0.25, 
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and C,- = 1 ensure that (for nuclear targets) predicted and observed g+/r- 
cross section ratios at high mass are reasonably well reproduced in MUSIM. 

Differential Cross Section. The differential cross section is assumed to 
have the familiar form 

d% 2 = k (1 - zF)< e-P%’ 
dz&‘~ 

(11) 

where k enforces normalization as per eq.(lO), C,=J = 3.8 and e, = 1.8 (but 
c = 0 for IF < 0.1 in both cases), and B = 0.26 $ 0.029& + 0.000809. 

A Dependence. In accordance with Drell-Yan being a hard process an 
overall linear A dependence is assumed. This is consistent with experiment. 

Angular Distribution. In the fip restframe the angular distribution is 
assumed to follow (1 t c&9), in agreement with observation and theoretical 
expectation. 

2.4 Electromagnetic 

Photons-produced in hadronic showers by 11’ decay and regenerated in 
electromagnetic showers via bremsstrahlung-can create JLLS as Bethe-Heitler 
pairs. In addition, the photon has J = 1 and can therefore transform diffrac- 
tively into a vector meson and thence into a muon pair. On a nuclear target 
this can proceed via three different mechanisms: coherent, incoherent, and 
inelastic. For coherent production the entire nucleus remains intact while the 
photon transforms into a vector meson, with only a tiny amount of energy 
lost on nuclear recoil. Incoherent production refers to the same process off 
an individual nucleon within the nucleus, with the nucleon being ejected in 
the process. The energy spent on this now includes some binding energy but 
is again minimal. An inelastically produced vector meson is accompanied by 
other mesons which may share a large fraction of the energy. This leads to 
vector mesons (and hence to ps) much like those produced in hadronic col- 
lisions but with much lower cross section and they are therefore neglected. 
The same applies to photo- P)S hadroproduction of D-mesons. Vector meson 
production via virtual photons (inelastic e* scattering) is likewise neglected 
since-in a thick target-this will everywhere be much smaller than pro- 
duction by real photons. Annihilation of e+, which are copiously produced 
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in ey showers, with atomic electrons can also yield a muon pair. These are 
the electromagnetic muon generators included here. While there are some 
omissions, these are unlikely to be of any importance in MUSIM applications. 

Cross sections for electromagnetic muon production are typically much 
smaller than for the hadronic modes. They may nonetheless contribute 
significantly since (1) with increasing energy an increasing fraction of the 
energy of a hadron initiated shower is spent on ey showers, and (2) for most 
muon production in an ey shower, almost the entire energy of the y (or e+) 
converts into energy of the /1fl pair (in contrast to hadronically produced 
muons). 

2.4.1 Betbe-Heitler 

Simulation of electromagnetic showers within CASIM is done via subprogram 
AEGIS [39] which includes bremsstrahlung and e+e- production. AEGIS also 
uses extensive weighting with only one particle per shower generation being 
tracked, (7, et, or e-). When energetically possible, muon pair production 
is expected to occur at a rate of (n~./m,)~ times that for e+e-, neglecting 
differences in avaiable phase space--which disappear quickly with increasing 
energy. The MUSIM algorithm simply assumes that every nth pair produced 
(n 2 10 seems a good choice) is a ~JI with weight n(rr~./m,)~. Specifically, 
an e+(e-) becomes a p+(p-) with the same total energy-if kinematically 
permissible--and with the same direction of motion. 

2.4.2 Vector Mesons 

The yp + Vp total cross sections and slope parameters, b, of the t de- 
pendence (in du/dt o( ebt) for V = p, w, 4, and J/ii, are taken from ref.[40]. 
Assuming these to hold also for -yn ---* Vn, Glauber theory predicts coherent 
and incoherent cross sections for nuclear targets.[41] For coherent production 
this involves an integral over impact parameter which makes it ill suited for 
direct Monte Carlo sampling. These cross section are therefore pretabulated 
for each material present in the problem. For the incoherent cross section, 
the nuclear du/di is taken as dujdt for yp + Vp scaled up by an ‘effective 
number’ of nucleons.[41] Decay parameters of the vector mesons are as listed 
for hadroproduction. 
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2.4.2 Positron Annihilation 

Positrons generated in e-y showers can annihilate with atomic e-s into a 
muon pair which carries off all the energy of the et. The cross section for 
this process is taken as 87/s nb per electron, where s is in GeV’ and the 
angular distribution follows a (1 t co&) law at sufficiently high energies 
(see, e.g., ref.[l5]). 

3 Muon Transport 

A muon generated within a hadron- or ey shower is traced stepwise through 
the (user provided) problem geometry until it stops or exceeds some pre- 
determined boundary. The usual processes which slow down the 11s are 
taken into account: atomic excitation and ionization, direct e+e- produc- 
tion, bremsstrahlung, and nuclear interaction. These processes also cause 
some angular diffusion of the muons-strongly correlated with energy loss- 
which has important consequences in many applications. For a muon beam 
traversing a thick target radial growth is determined by this diffusion and 
its correlation with energy losses. This is also true to a large extent for 
the <beam composed of the more energetic muons produced in a hadron 
cascade. 

For ionization losses a restricted energy loss (AE < 10 MeV in an in- 
dividual encounter-corresponding to - 1.5 MeV per gxm-‘) is applied 
continuously along the muon trajectory. The rest is treated as &rays on 
an event-by-event basis. In each step taken by the muon the number, n, of 
such events is determined and (if n > 0) for each event the energy loss is 
det,ermined using Bhaba’s formula.[42] Since this is essentially a two body 
process there exists a unique correlation between energy loss and angular 
deflection: -t = 2m.AE = p’0’. 

For the other processes energy and angle are not uniquely correlated 
and they are treated as outlined in ref.[43]. In each simulat,ed event the 
energy loss is randomly chosen from an empirical probability distribution 
which depends on muon energy. From this energy loss, and dependent upon 
incident muon energy and (in some cases) target Z and A, the TWZRIS angle of 
deflection, S,,,, follows from another empirical formula. A particular angle 
for the event is then randomly chosen from a Gaussian with zero mean and 
rms angle equal to &,.. Even though angular distributions of individual 
events are known to be decidedly non-Gaussian, this procedure is just,ified 
in a way entirely similar to the use of Gaussians in multiple scattering. 
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As mentioned in sec. 2.1, ?r and K decay are always assumed to create- 
at least-one (weighted) p, regardless of the length of the trajectory. The 
point at which the muon is created is chosen with exponentially declining 
probability along the A/K trajectory.[44] In MUSIM muons are split accord- 
ing to energy and angle with much of the treatment easily adapted to the 
problem at hand. 

4 Results 

A few results obtained with MUSIM are included here. The more generally 
useful results tend to pertain to simple geometries which then provide a con- 
venient platform from which to launch more complicated vent,ures. In ref.[l] 
penetration of a monoenergetic muon pencil beam in homogeneous soil is 
analyzed for various p energies. This is a problem entirely determined by 
muon transport and the results there are obtained with essentially t,he same 
code as appears in MUSIM.[~~] An interesting case of general interest which 
does include p production-and thus reflects what’s new in MUSIM-iS that 
of muon dose due to a monoenergetic proton (pencil) beam incident on ho- 
mogeneous soil. This is the zeroth order approximation to muon dose behind 
a beam dump or target, i.e., the dump or target assembly and surrounding 
structures are replaced by more soil. Results, for a selection of incident 
energies, are presented in the form of isodose contour maps in units of rad 
per incident proton as a function of radius and distance measured along the 
beam direction. Using the standard 2 MeV/gar-z the dose is convertible to 
an approximate muon fluence. Hadron dose is excluded from these results. 

Figs. 1-5 show muon isodose contours in soil (of density 2.24 g.cm@) for 
incident protons in the range 0.1-20 TeV as calculated with MUSIM. Figs. 6- 
8 display CASIMU results for 100,300, and 1000 GeV, which compare directly 
to figs. 1-3. For all these graphs contours of 10mz3 rad/ine.proton and be- 
low are omitted for lack of statistical accuracy. At very low z and + some 
contours may be missing for lack of spatial resolution, particularly at the 
higher energies. Not unexpectedly, differences between the two calculations 
increase with energy as the prompts gain in relative importance. Agreement 
between the two programs in the Fermilab regime is good though not surpris- 
ing since r/K decay dominates there. Although more detailed comparisons 
may be desirable, it seems fair to expect agreement of MUSlM with obser- 
vations to be comparable to what is attained with CASIMU.[4] The 20 TeV 
result (fig. 5) may be compared with that of CAS~MU presented in fig. 102 
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of ref.[l]. Though the discrepancy is widening with energy, results are still 
quite similar.[46] There is noticeably less penetration along the z axis with 
MUSIM. The largest difference appears to be at lower z and larger radius 
where muon dose appears to be larger for MUSIM.[47] This probably reflects 
larger pi of produced muons for which Ds and soft annihilation appear to be 
mainly responsible. This trend is already discernable at the lower energies. 

Fig. 9 shows radially integrated energy deposition as a function of lon- 
gitudinal distance along the beam for 20 TeV protons incident on a ho- 
mogeneous soil target as calculated by MUSIM and sorted by mechanism as 
described in sec. 2. Fig. 10 is the corresponding longitudinally integrated 
energy deposition as a function of radius. At large radii, and also at large 
longitudinal distances, soft annihilation appears to be the largest compo- 
nent. It is unfortunate that this component is not very well understood and 
that thereby the calculation as a whole acquires a large margin of error. 
However, it should be noted that, in this regard, the case of 20 TeV pro- 
tons on a solid target is close to a ‘worst case’ and this conclusion therefore 
does not cast the same uncertainty on all MUSlM results. At lower ener- 
gies and/or for geometries with large evacuated regions, r/K decay will be 
relatively more important and so less uncertainty will be associated with 
total muon dose. Nonetheless, the implication that soft annihilation muons 
play an important role in shielding matters suggests that this component 
be examined more closely with an eye towards improving its description in 
MUSIM. 

By contrast, and strictly by way of illustration, fig. 11 pertains to a 
more specific geometry. To simulate-in approximate fashion-one beam 
loss scenario in LHC, a continuous dipole is placed in a circular tunnel with 
radius equivalent to that of LEP/LHC and with the magnetic field adjusted 
to an 8 TeV proton orbit. In this case, beam is lost at a point (z = 0) 
on the out-side of the vacuum chamber, i.e., in the horizontal plane on 
the inner edge of the vacuum chamber, radially away from the center of 
the accelerator. (Whether loss is on the in-side or out-side of the vacuum 
chamber makes considerable difference in the decay path provided to the 
~/KS and thus to the muon dose.) This specific result is from a forerunner 
of MUSIM [6] and the muon dose contours are in units of sievert per proton 
lost. 
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5 Concluding Remarks 

An interesting facet of p shielding is the competition between prompt and 
decay components. This is strongly dependent, on many variables: incident 
energy, geometry and material composition of the ‘target’, and on the pres- 
ence of magnetic fields. The decay lengths for ?r and K increase almost 
linearly with energy thus making the prompts relatively more important. In 
a homogeneous medium the decay component will increase almost linearly 
with nuclear interaction length (expressed as a distance). In more compli- 
cated surroundings the geometry must be modeled with some care. As in 
the example of fig. 11, when beam is lost inside an accelerator the magnet 
aperture may offer the ~/KS a long decay path. This is also the case, e.g., in 
straight sections with few magnets or other apparatus present and in regions 
of low density within a magnet. Magnetic fields also affect this prompt vs 
decay competition. Muons are well known to exhibit oscillations, i.e., after 
being swept out of the aperture they may be bumped back into it by the 
return field of a dipole, often completing many such cycles. In principle this 
can all be simulated since the geometry and magnetic fields-including the 
return field-can be modeled to any desired accuracy. In practice one often 
foregoes such detailed simulations in favor of ‘sample’ calculations which 
offer only order-of-magnitude estimates but can be completed and analyzed 
in a reasonable time frame. Often there are enough other uncertainties at- 
tached to modeling such problems: beam loss, questions of alignment, etc., 
to discourage the pursuit of ultra-realism in these simulations. The exam- 
ple of fig. 11 may be called a sample calculation since it is a considerable 
simplification of what a realistic LHC beam loss is expected to be like. 

There is a tendency in applications of this kind to deliberately ova-es- 
timate any relevant, but poorly known, cross sections or other parameters 
in order to arrive eventually at conservative muon dose predictions. This 
tendency is resisted here. The user might therefore consider applying a 
safety factor to MUSIM radiation dose estimates, particularly if there are le- 
gal ramifications and ifno other safety factors are implied, e.g., in beam loss 
assumptions or simplifications of the geometry. In many such cases one will, 
for lack of more precise information, formulate ‘worst case’ assumptions at 
this level and thus obtain conservative dose rate estimates. But this is prop- 
erly at the disposal of the user--who must supply such information to the 
program anyway-while MUSIM aims to remain free of any such deliberate 
bias. 

In connection with radiation dose, etc., it is important to bear in mind 
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that muons--unlike neutrons-eventually do ‘range out’. This means that 
muon dose must be zero beyond a certain envelope. Fluctuations in energy 
loss extend, but do not remove, this envelope since restricted collision losses 
are always present and are nearly continuous. Therefore, within the envelope 
but near its boundary, the isodose contours (of the type shown in figs. l- 
8, but continued to lower doses) will be crowded together. This puts an 
extra burden on the calculation: even minor changes in the model may 
cause huge changes in dose prediction in the vicinity of the envelope. Good 
statistics may be hard to come by since, in addition to coping with the 
diminished muon flux, one needs also increased spatial resolution to cope 
with the crowding of the contours. (As noted in sec. 4, for doses below about 
10ez2 rad/inc.proton the present calculations begin to suffer in this regard.) 
This has obvious implications for the safety analysis, most importantly that 
results should not be taken literally in this region. 

The excess muons observed in cosmic ray showers associated with certain 
stellar sources should at least be mentionedin the present context.[48] While 
first observed almost a decade ago, it is still surrounded by controversy. A 
number of explanations involving new physics and/or new particles have 
been offered. At present it would be premature to include any of it in this 
work. The primaries are almost certainly not protons and the energies usu- 
ally mentioned in this connection are well above those of the contemplated 
colliders. Nonetheless, this situation is worth monitoring and, if observations 
persist, some impact on future accelerators-particularly from ps produced 
by colliding beams-cannot be ruled out. 

Acknowledgement. My thanks to Tom Kobilarcik for valuable scrutiny 
of the code while adapting it to UNIX. 
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